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(54) Ambient light-compensated reflective displays devices and methods related thereto

(57) Various embodiments include devices, meth-
ods, data structures, and software that allow a reflective
display device to, among other things, determine color
components of a first image, detect an ambient light color
composition, and weight one or more of the color com-

ponents of the first image to provide a compensated im-
age for display on the reflective display device. In one
embodiment, the weighting compensates for a difference
between the detected ambient light color composition
and a specified color balance.
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Description

BACKGROUND

[0001] Mobile devices are becoming more complex,
and are consuming increasingly greater amounts of pow-
er for operation. In particular, display elements in mobile
devices can demand a large percentage of the available
power. When using a battery-operated mobile device,
the total available energy is limited, and such greater
power demands can more quickly deplete the battery,
such as compared to a mobile device consuming less
power.
[0002] A mobile device can use a variety of display
technologies, such as a liquid crystal display (LCD).
Some mobile devices use an LCD including a backlight
or an active array of transistors (e.g., an active thin-film
transistor matrix, or the like), or both, such as to control
each pixel in the display. However, LCDs including a
backlight or an active transistor matrix, or both, can have
a very high power demand, thus shortening battery life
of the mobile device.
[0003] One alternative to an LCD device is a reflective
display device which uses ambient light as the light
source to provide the display. For example, a reflective
display can reflect a specified portion of incident light
from an ambient light source back towards a user to pro-
vide a specified display image, either in addition to a
backlight, or instead of a backlight. However, the quality
or color accuracy of an image provided by a reflective
display device lacking a backlight can be limited, such
as by the type of ambient light. For example, if the incident
ambient light has a deficiency in a certain portion the
incident ambient light’s spectrum, there may not be suf-
ficient light available for reflection at the deficient frequen-
cy at a desired level of intensity or brightness. As a result,
the reflective display device’s performance will suffer,
producing undesirable color changes or one or more oth-
er disruptions in the reflective display. For example, when
a user takes a conventional reflective display device,
such as a conventional mobile reflective display device,
from one type of ambient lighting condition to another,
such as from indoors to outdoors in the sunlight, an un-
wanted shift in color balance can occur. The result can
include an image with an undesirable tint, such as a grey,
grayish, yellow or yellowish color, or one or more other
imperfections in the displayed image.
[0004] The color balance of an image displayed on the
reflective display device can be shifted when a reflective
display device is operated using incident ambient light
from a less ideal source (e.g. indoor fluorescent light),
as compared to operation with sunlight or halogen light,
or one or more other more ideal sources. The present
inventor has recognized that a shift in color balance can
be undesirable.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is an illustration of a prior art reflective
display device.
[0006] FIG. 2 is an illustration of the use of pulse width
modulation (PWM) to produce an arbitrary color.
[0007] FIG. 3 is a graph illustrating reflective display
performance under ideal lighting conditions with a reflect-
ed white light.
[0008] FIG. 4 is a graph illustrating prior art reflective
display performance under non-ideal lighting conditions.
[0009] FIG. 5 is an illustration of a reflective display
device according to an example embodiment.
[0010] FIG. 6 is a block flow diagram of a method for
detecting ambient light levels according to an example
embodiment.
[0011] FIG. 7 is a block diagram of a reflective display
device according to an example embodiment.
[0012] FIG. 8 is a graph illustrating compensated re-
flective display device performance under non-ideal light-
ing conditions with a reflected white light according to an
example embodiment.
[0013] FIG. 9 is a graph illustrating reflective display
device performance under ideal lighting conditions with
a reflected purple light.
[0014] FIG. 10 is a graph illustrating compensated re-
flective display performance under non-ideal lighting
conditions with a reflected purple light according to an
example embodiment.
[0015] FIG. 11 is a block flow diagram of a method
according to an example embodiment.

DETAILED DESCRIPTION

[0016] In the following description, numerous specific
details are set forth in order to provide a thorough under-
standing of example embodiments. It is to be understood,
however, that the various embodiments may be practiced
without these specific details. For example, logical, elec-
trical and structural changes may be made without de-
parting from the spirit and scope of the present subject
matter. The following detailed description is, therefore,
not to be taken in a limiting sense, and the scope of em-
bodiments is defined only by the appended claims.
[0017] Ambient light-compensated reflective display
devices and methods related thereto are described. Em-
bodiments described herein are directed to energy-effi-
cient reflective display devices which are configured to
retain a specified color balance, such as in non-ideal am-
bient lighting conditions and across changing ambient
lighting conditions. This result may be accomplished by
providing an ambient light detection and compensation
device that detects and applies the appropriate color pro-
file to compensate for non-ideal lighting conditions, thus
providing the specified color balance.
[0018] True or ideal white light (hereinafter "white"
light) can be considered an apparently colorless light
(e.g., daylight, halogen lights) as it contains all the wave-
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lengths of the visible spectrum at equal intensity, e.g., a
continuous spectrum that is level across the band of vis-
ible light. "White" light is often referred to as "ideal" light.
While most light sources do not produce light of equal
intensity at all frequencies, some broad-spectrum light
sources provide significant energy across the visible light
spectrum. Examples of broad-spectrum sources include
sunlight, or very bright incandescent sources, such as a
halogen light source. The emission spectrum of such
sources, while non-ideal, can include energy across a
broad range of frequencies which correspond to an emis-
sion spectrum from a black-body. Such sources can be
characterized as having an equivalent "color tempera-
ture," i.e., a temperature corresponding to the surface of
a black-body having a similar emission spectrum.
[0019] Color temperature is a quantitative measure.
The higher the number in kelvins (K), the cooler or bluer
the shade. For example, a "warm" or "soft" white light
bulb typically has a color temperature of up to 2800K.
Such light sources impart a more orange/red light on ob-
jects. A "bright" white light bulb, on the other hand, emits
a more bluish color and has a color temperature of about
3600K to 4900 K. As noted above, halogen white bulbs
impart a clear, white light with very little red or blue tones,
similar to sunlight. A halogen light source has a color
temperature in the range of about 2800K to 3500K.
[0020] Luminous efficacy of a light source is a ratio of
the visible light energy emitted (i.e., luminous flux) to the
total power input to the light source. For a human viewer,
the maximum efficacy possible is 683 Im/W for mono-
chromatic green light at 555 nanometers wavelength,
such as determined by the peak sensitivity of a human
eye. For white light, the maximum luminous efficacy is
around 240 lumens per watt, but the exact value is not
unique because the human eye can perceive many dif-
ferent mixtures of visible light as white.
[0021] Halogen light and sunlight can be types of am-
bient light sources. Other ambient light sources, howev-
er, are known to deviate from black-body behavior. This
is because they include less broad emission spectra, or
spectra including one or more sharp peaks or troughs,
or both, such as including one or more deficiencies in
various ranges of the visible spectrum. Moreover, even
a source with a relatively broad spectrum can still provide
a "washed out" or yellowed-looking image on a reflective
display device, such as when the light source is overly
biased towards the red end of the spectrum (e.g., when
the source has a color temperature significantly lower
than halogen light or sunlight).
[0022] Examples of less ideal light sources include,
but are not limited to, indoor lighting, including certain
non-halogen incandescent lights and florescent lights,
and the like, both of which can include, but are not limited
to, "cool" light bulbs, "soft" light bulbs, and the like. When
a reflective display device is operated using incident am-
bient light from a less ideal source, the color balance of
the display on the reflective display device can be shifted
as compared to operation with sunlight or halogen light,

or one or more other more ideal sources. The present
inventor has recognized that a shift in color balance can
be undesirable.
[0023] FIG. 1 illustrates a prior art reflective display
device 100. Image information 102 useful for creating a
bitmap image is sent to a color image rendering module
104. The color image rendering module 104 creates ma-
trices representing relative intensities of the red, green
and blue pixels to create a color image. The matrices are
forwarded to a reflective display controller 112, which
translates pixel color component information into com-
mands for actuating each of the red, green and blue sub-
pixel reflector elements in the reflective display grid.
[0024] Specifically, the reflective display controller 112
sends commands to a red sub-pixel pulse width modu-
lator (hereinafter "Red PWM") 114, which, in turn, sends
a signal to a red sub-pixel actuator 116, which, in turn,
provides the red sub-pixel to a red sub-pixel reflector 118.
Similarly, the reflective display controller 112 sends com-
mands to a green sub-pixel pulse width modulator (here-
inafter "Green PWM") 120, which, in turn, sends a signal
to a green sub-pixel actuator 122 which, in turn, provides
the red sub-pixel to a red sub-pixel reflector 118. Like-
wise, the reflective display controller 112 sends com-
mands to a blue sub-pixel pulse width modulator (here-
inafter "Blue PWM") 126, which, in turn, sends a signal
to a blue sub-pixel actuator 128 which, in turn, provides
the blue sub-pixel to a blue sub-pixel reflector 130.
[0025] Since sub-pixel elements have only two states,
namely, on and off, perceived color intensities in reflec-
tive displays can be controlled by pulse width modulation
(PWM). PWM relies on the integration time of a human
eye (1/30th of a second) to translate a shortened duration
of full intensity into a reduced intensity level. For example,
interferometric modulators modulate light within a cavity
through the use of interference. Utilizing MEMs-based
technology, sub-pixel activation occurs via MEMS de-
flection in a resonant cavity. See, for example, A. Lon-
dergan, et. al., Advanced Processes for MEMS-based
Displays, Proceedings of the Asia Display 2007, SID, Vol-
ume 1, pp. 107-112 (hereinafter "Londergan"), which is
incorporated by reference herein in its entirety. The type
of technology described in Londergan, however, is limit-
ed to pretuned cavities comprising arrays of pixels pre-
tuned to various wavelengths, such as red, green and
blue wavelengths.
[0026] FIG. 2 illustrates the use of PWM to create a
color which appears purple or purplish to the human eye
by turning the green sub-pixel off earlier than the red and
blue sub-pixels. This result is accomplished by turning
at least one sub-pixel off and back on while the remaining
sub-pixels remain on for a given period of time. In this
embodiment, a red sub-pixel 202, a green sub-pixel 204
and a blue sub-pixel 206 are all activated at substantially
the same time to an "ON" position. The red and blue sub-
pixels, 202 and 206, respectively, remain on for approx-
imately 2/30thof a second. The green sub-pixel, however,
is turned to an "OFF" position earlier, such as at about
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1/90th of a second, as shown in FIG. 2, turned back into
the "ON" position at about 1/30th of a second, and then
turned to the "OFF" position at about 4/90th of a second.
[0027] Therefore, even though the green sub-pixel 204
is on at full intensity, together with the red and blue sub-
pixels, 202 and 206, respectively, to produce a white light
during a first sub-integration time period 210 (~1/90th of
a sec), and then turned off to create magenta light during
a second sub-integration time period 212, the human eye
will combine these two periods (210 and 212) an effective
single integration time period 208 (e.g., corresponding
to a display refresh rate). In the embodiment shown in
FIG. 2, time period 208 is 1/30th of a second. In other
embodiments, time period 208 can be faster, such as
1/60th or 1/75th of a second, such as for interlaced dis-
plays. That is, if the on-off cycle of the sub-pixels is spec-
ified appropriately, a human can perceive a single, con-
stant color, rather than rapidly alternating flashes of white
and magenta colored light.
[0028] A three binary-sub-pixel display device can dis-
play eight different perceived colors selected from a list
including black (all sub-pixels off), white (all sub-pixels
on), red (red sub-pixel on), yellow (green and red sub-
pixels on), magenta (red and blue sub-pixels on) and
cyan (blue and green sub-pixels on) which correspond,
to a display device having sub-pixels with only two states
(on or off). At any given time, the display device is actually
showing one of these eight colors. Any other color per-
ceived by a human eye is a result of the brain being
"tricked" into seeing a different color. Although embodi-
ments described herein discuss red, green and blue sen-
sors other combinations of color sensors is possible.
[0029] A human eye can perceive as few as three dis-
tinct colors as white, if they are of the proper intensity
level and spectral placement, including, for example, at
least one in each of the red, green, and blue light bands.
More colors can be used, but only three are needed for
human color perception. FIG. 3 illustrates how a pixel
can be made to appear as white to the human eye when
illuminated by white light 302. Therefore, perception of
white light 302 is not entirely dependent on how bright
the three colors are, but also on the relative brightness
(spectral intensity) of the three colors.
[0030] In this illustration, three distinct light sources (of
reflected light), namely red 304, green 306, and blue 308,
have an equal amount of spectral intensity and are
spaced apart in frequency. Such a configuration produc-
es a reflected white light 320, thus producing what the
human eye perceives as a white pixel. Different frequen-
cy spacing can be used, based on manufacturing con-
cerns, to allow use of different relative intensities to create
a reflected white light.
[0031] FIG. 4 illustrates how a prior art pixel can appear
orange to the human eye when illuminated by an off-
white, e.g., tinted light, such as an orange light 402. Es-
sentially, each sub-pixel is reflecting the incident light in
the proportions necessary to produce white light. In this
illustration, three distinct light sources (of reflected light),

namely red 404, green 406, and blue 408, although
spaced equally spaced across frequency, have decreas-
ing levels of intensity, with the red light 404 having the
greatest intensity, the green light 406 having a lower in-
tensity and the blue light 408 having the least intensity.
This configuration produces a reflected orange light 420,
thus producing what the human eye perceives as an "or-
ange" pixel. Such a result is not desirable when viewing
reflective displays and remains a problem for existing
devices. Other colors can also be distorted on conven-
tional devices.
[0032] In contrast, embodiments described herein in-
clude ambient light-compensated reflected display de-
vices and methods related thereto, including methods of
sensing and compensating for a difference between the
detected ambient light color composition and a specified
color balance.
[0033] The term "color balance" generally refers to the
relationship between relative intensities of colors includ-
ed in an image, such as a first (e.g., uncompensated)
image to be displayed on a mobile device using the novel
reflective display device described herein. A specified
color balance can be used to adjust the relative intensities
of uncompensated color information, to provide, for ex-
ample, a second (e.g., compensated) image wherein
neutral portions (e.g., one or more white or gray areas
of the image), are perceived as neutral to the viewer of
the display (e.g., "white balancing" or "gray balancing.")
In addition to, or instead of white balancing or gray bal-
ancing, using the specified color balance can eliminate
an unwanted shift of one or more colors in the displayed
image (e.g., using the specified color balance can include
improving the color "accuracy" of the image). For exam-
ple, using a specified color balance can include adjusting
one or more relative intensities of one or more colors to
more faithfully reproduce a desired color to be displayed,
or to maintain "color constancy" or similarity of perceived
color across different ambient lighting conditions.
[0034] In a reflective display device, such as the re-
flective display device of the example of FIG. 5, PWM
can be used to display an image. Similar to the example
of FIG. 1, a first (uncompensated) image can be proc-
essed, and corresponding pulse widths can be deter-
mined. But, in contrast to FIG. 1, in the example of FIG.
5, one or more pulse widths can be adjusted, such as
using one or more weighting factors, to provide the sec-
ond (e.g., compensated) image, such as using informa-
tion about the ambient light, such as when the ambient
light color composition includes a deficiency over one or
more ranges of wavelengths.
[0035] In one embodiment, the ambient light color
composition includes a deficiency in a first range of wave-
lengths and the weighting includes increasing a weight
of at least one color component. A pulse width can be
increased corresponding to the increased weight of the
at least one color component. Similarly, in one embodi-
ment, the ambient light color composition includes a de-
ficiency in a first range of wavelengths and the weighting
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includes decreasing a weight of at least one color com-
ponent. A pulse width can be decreased corresponding
to the decreased weight of the at least one color compo-
nent. In one embodiment, the decreasing the weight of
the at least one color component includes decreasing
the weight of at least one color component included in a
second range of wavelengths and the first and second
ranges of wavelengths are largely nonoverlapping.
[0036] In order to determine the desired weights, the
novel reflective display devices are designed to be ca-
pable of sensing or estimating ambient color intensities
at approximately the same ranges of frequencies (or
wavelengths, as the frequency and wavelength of light
are inversely related to one another) as used operation-
ally by the sub-pixels. Then, a difference between the
sensed or estimated ambient color intensities and a spec-
ified color balance can be determined. The specified
color balance can be derived from a reference 542, such
as corresponding to one or more of a perceptual model,
a neural network, a fixed transformation matrix, or using
one or more other techniques or methods. The resulting
weights can then be used to provide a second image,
such as to provide a hue closer to the intended hue con-
tained in image information to be displayed, as compared
to displaying the first image without using the weights.
For example, the second image can be displayed at an
intensity lower than the intensity of the first image.
[0037] In one embodiment, when ambient light enters
a novel reflective display device with a color spectrum
that is not evenly distributed across the visible light spec-
trum, one or more of the three color components, e.g.,
red, green or blue, can be adjusted (e.g., dimmed) to
even out the reflected light to create the desired light,
such as white light, to the human eye. For example, if an
incandescent light source has too much red and green
and not enough blue, such that it appears yellow to the
human eye, shortening the pulse widths corresponding
to the red and green color components can cause the
red and green color elements to darken (thus, partially
or fully blocking the intensity of those colors) until the
output is again an approximately balanced white.
[0038] See, for example, FIG. 5, which illustrates a
novel reflective display device 500 comprising sensors
capable of detecting or sensing color components, e.g.,
red, green, and blue color components at or near the light
frequencies at which the respective sub-pixels operate.
In one embodiment, colors other than red, green and blue
are detected, although it is expected that at least three
colors are to be detected. Such colors may include, but
are not limited to, cyan, magenta and yellow. Additionally,
although three sensors are shown, more than three
colors can be detected. In one embodiment, more than
four colors are detected. In one embodiment, five to six
colors are detected. However, at least three sensors are
used, even if up to two of the sensors are providing a
signal at minimal intensity. The sensors may be discrete
components or embodied in a unified sensor array. The
sensors may be, but do not necessarily have to be, de-

ployed at substantially the same site on the mobile de-
vice.
[0039] In the embodiment shown in FIG. 5, color light
sensors (red light intensity sensor 541, green light inten-
sity sensor 503 and blue light intensity sensor 505) sense
light and provide information to an ambient light proces-
sor 507 (hereinafter "ambient light compensation de-
vice"). The ambient light compensation device 507 pro-
vides information useful for compensating non-ideal am-
bient light conditions to the image rendering module 504.
For example, the ambient light compensation device 507
can include a first comparator 538 configured to deter-
mine a difference between an ambient light color com-
position and a reference 542 (e.g., a specified color bal-
ance), using information about the ambient light provided
by one or more of the red, green, or blue intensity sensors
501, 503, 505.
[0040] Image information 502, such as a raw color,
gray-scaled or black-and-white image, can be stored in
a memory of a mobile device, such as for displaying a
bitmap image to a viewer. The image information 502
can be provided to the image rendering module 504,
which can be used to process the raw image information
502 to provide a rendered image including information
corresponding to respective color components, e.g., pix-
el-level information, to the image rendering module 504.
In one embodiment, the image rendering module 504
can adjust the pixel-level information by weighting one
or more color components of the pixel-level information
using information provided by an ambient light processor
507. For example, the image information 502 can include
the first (e.g., uncompensated) image as discussed
above, and the image rendering module 504 can provide
or store, or both, a second (e.g., compensated) image
for display, using the weighting, such as to achieve a
specified color balance when the second image is dis-
played.
[0041] In one embodiment, in order to create a color
image, the image rendering module 504 provides matri-
ces or other data structures representing modified or
compensated relative intensities of the red, green and
blue pixels received by their respective sensors. The ma-
trices or other data structures are then forwarded to a
reflective display controller 512, which translates pixel
color component information into commands for actuat-
ing each of the red, green and blue sub-pixel reflector
elements in the reflective display grid.
[0042] Specifically, the reflective display controller 512
sends commands to a Red PWM 514, which, in turn,
sends a signal to a red sub-pixel actuator 516, which in
turn provides the red sub-pixel to a red sub-pixel reflector
518. Similarly, the reflective display controller 512 sends
commands to a Green PWM 520, which in turn sends a
signal to a green sub-pixel actuator 522 which in turn
provides the red sub-pixel to a red sub-pixel reflector 524.
Likewise, the reflective display controller 512 sends com-
mands to a Blue PWM 526, which in turn sends a signal
to a blue sub-pixel actuator 528 which in turn provides
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the blue sub-pixel to a blue sub-pixel reflector 530. In one
embodiment, the second image can be processed by the
reflective display controller 512 to increase or decrease
one or more pulse widths associated with one or more
of the respective red, green, or blue sub-pixel pulse width
modulators 514, 520, 526.
[0043] In addition to, or alternatively, when not all de-
sired color components are included in the incident am-
bient light, or when the ambient light has insufficient in-
tensity, a secondary light source may be used. In one
embodiment, automatically or based on user input, a sec-
ondary display lighting system may be enabled, such as
in response to user input (e.g., a user request to turn on
the secondary display lighting system by pressing a but-
ton, touching a touch pad, tapping a key, selecting a
menu item or using any other user interface). Referring
again to FIG. 5, a display light activator 532 can be acti-
vated by the user, thus enabling a display light controller
534 to send a signal to a secondary light source 536 (e.g.,
a backlight), thus providing additional lighting to the dis-
play device. The display light activator 532 can include
a button, a keypad, a touch pad, an option or menu item
within a graphical user interface, etc.). In one embodi-
ment, a second comparator 540 can be used to compare
one or more sensed color components to an intensity
threshold, such as to provide a comparator output signal
to the display light controller 534, to automatically enable
the secondary light source 536.
[0044] In an embodiment the ambient light processor
507 includes a second comparator 540 configured to
compare at least one color component included in the
ambient light color composition to a first intensity thresh-
old. The secondary light source can be configured to pro-
vide light at least partially for use by the reflective display
in displaying the compensated image, in response to the
comparison by comparator 540. In addition to, or instead
of the comparison, information can be received from a
display light activator 532 corresponding to a user re-
quest to enable a secondary light source, the secondary
light source configured to provide light at least partially
for use by the reflective display in displaying the com-
pensated image.
[0045] In an embodiment, a display light controller 534
can be configured to control a secondary light source,
the secondary light source configured to provide light at
least partially for use by the reflective display in displaying
the compensated image, and the display light controller
534 is coupled to the second comparator 540 and con-
figured to enable the secondary light source when the at
least one color component is below the first intensity
threshold as indicated by the second comparator 540. In
one embodiment, the reflective display controller 512 is
configured to reduce a color depth of the compensated
image when the at least one color component is below
the first intensity threshold as indicated by the second
comparator 540.
[0046] In another embodiment, there is no secondary
light source 536, or there may be insufficient battery pow-

er to use a secondary light source 536, e.g., the second-
ary lighting system. In this embodiment, the rendering
module 503 can change from displaying a color image
to use of a grayscale image by converting the color image
information 202 to a grayscale representation, rather
than to a red-green-blue (RGB) or other color represen-
tation.
[0047] In another alternative embodiment, such as in
low light level situations (e.g., darkness or near-dark-
ness), the image rendering module 504 can convert the
image to a reduced or single-bit color depth, such as for
a monochromatic display mode (e.g., wherein a pixel is
either turned on or off, but color information is not dis-
played). In one embodiment, one or more of the first com-
parator 538 or the second comparator 540 can be used
to provide a signal to the rendering module to cause the
rendering module to switch to a reduced color-depth,
gray-scale, or single-bit color depth mode, such as in
response to a detected ambient lighting condition as in-
dicated by one or more of the first or second comparators
538, 540.
[0048] FIG. 6 illustrates one embodiment of a method
of compensating for ambient light tint, such as for the
illustration shown in FIG. 5. In this embodiment, ambient
light levels are detected 602 for each the red, green, and
blue color components, at or near the light frequencies
at which the sub-pixels operate. At 604, a determination
can be made as to whether color components sufficient
to create a color image approximating the specified color
balance are available, such as corresponding to first
threshold intensity level, or one or more other thresholds.
If so, appropriate PWM compensation weights, e.g.,
modified PWM compensation weights, are determined
606, and a color image may be used 608. In one embod-
iment, the PWM compensation weights include one or
more of an offset (e.g., an increase or decrease in pulse
width), a scaling factor, or one or more other functions
or techniques to adjust the pulse width corresponding to
one or more color components to be displayed. In one
embodiment, a look-up table, a function, a piece-wise
linear approximation, or one or more other transforms is
used to provide adjustment to one or more pulse widths
in manner taking into account the intensity of the initial
uncompensated pulse width.
[0049] If the first threshold is not met, then a determi-
nation 610 as to whether or not color illumination is avail-
able is made. If so, the display device can be lit 612 with
a secondary light source to provide additional lighting for
the color image being used 608. In one embodiment, the
additional lighting requires user input. If color illumination
610 is not available, such as when a battery is low in
power or no illumination is present in the display device,
a determination 614 can be made as to whether or not
all colors meet a second threshold level is made. If so,
grayscale components necessary to create a grayscale
image can be used at 616. If not, a monochromatic image
display mode or single-bit color depth 618 can be used.
In this embodiment, each pixel is individually fully on to
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take advantage of all ambient light.
[0050] FIG. 7 illustrates an exemplary reflective dis-
play device 700 according to an example embodiment.
The reflective display device 700 comprises color sen-
sors 702, an ambient light compensation device 704, an
image rendering module 706 containing a memory stor-
age device 707, a reflective display controller 708, and
a reflective display 710. Ambient light 714 is detected by
the color sensors 702 as three separate colors, namely
a first color "A’ " (716), a second color "B’ " (718) and a
third color "C’ " (720). The detected colors (716, 718 and
720) enter the ambient light compensation device 704
where they are compared with a reference color balance
stored in the ambient light compensation device 704,
which corresponds with a specified color balance.
[0051] In certain examples, the reference can include
information about desired relative intensity levels of var-
ious color components of a light source, such as approx-
imating a desired color balance corresponding to ambient
light, including sunlight or a halogen light. In one embod-
iment, a compensated first color "A" (722), a compensat-
ed second color "B" (724), and a compensated third color
"C" (726) is produced in response to the comparison be-
tween the detected colors (716, 718, and 720), and the
reference or specified color balance.
[0052] In one embodiment, compensation information
is provided to one or more of the image rendering module
706 or the reflective display controller 708, including, for
example, one or more respective weighting coefficients
corresponding to one or more respective color compo-
nents included in the image information 728. The com-
pensation can be applied non-equally to one or more
respective color components, corresponding to one or
more of the detected colors (716, 718 and 720) by in-
creasing a weight of a first color component in relation
to one or more others, or by decreasing the one or more
others, while holding the first color component weight
unchanged, such as to achieve a desired color balance.
[0053] The reflective display controller 708 also re-
ceives image information 728 from the image rendering
module 706. In the embodiment shown in FIG. 7, the
image information 728 can be derived from one or more
sources, including from one or more of a memory, wire-
less information receiver, or image capture circuit, such
as included as portion of a smart phone 730, a cell phone,
or a digital camera 734, or the like. In other embodiments
other types of mobile devices may be used, such as dis-
cussed below. The reflective display controller 708 trans-
lates pixel color component information received from
the ambient light compensation device and the image
rendering module 706 into commands for actuating color
elements in the reflective display 710. In one embodi-
ment, the reflective display controller 708 can optionally
receive a signal from the display light controller 534,
which receives a signal from the display light activator
532, as discussed in FIG. 5 above. The reflective display
controller 708, in turn, can provide a signal to the sec-
ondary light source 536 contained within the reflective

display 710.
[0054] In one embodiment, a human eye 736 per-
ceives the balance of colors (e.g., A 722, B 724, and C
726) provided by the reflective display 710 as having sub-
stantially the same color balance as the specified color
balance corresponding to the sensor compensated
colors (A 722, B 724, and C 726), although at a lower
intensity.
[0055] In one embodiment, the ambient light compen-
sation device 704 includes an ambient light color com-
position detector, a comparison device capable of com-
paring the detected ambient light color composition (e.g.,
A’, B’ and C’) with the color light sensors (A, B, and C),
and a compensator device capable of substantially
matching the image information 706 to the detected am-
bient light color composition (A’, B’ and C’). In one em-
bodiment, the ambient light compensation device 704
comprises two or more devices.
[0056] The reflective display device, in some embod-
iments, can be a portion, part, or component of a broader
system or assembly, including a camera device or any
type of mobile wireless device, including, but not limited
to, mobile telephones, portable computers, personal dig-
ital assistants (PDAs), "smart" phones, and other devices
that may be conveniently carried by a user and provide
wireless communication. Mobile telephones include
wireless communication devices that have generally
been referred to as cell phones. Mobile telephones may
include a wide range of communication devices from
portable phones with limited functionality beyond voice
communication to portable phones capable of providing
the functionality of a personal computer. A personal com-
puter (PC) herein refers to computing devices having an
operating system (OS) such that use of the personal com-
puter may be conducted by individuals having little or no
knowledge of the basics of the underlying hardware and
software that operate the PC and whose operation may
be conducted without individuals typically authoring com-
puter programs to operate the computer. Portable com-
puters may include portable personal computers (PC)s.
An example of a portable PC is a laptop computer or
notebook computer that typically has a display screen,
keyboard, underlying hardware and software, and a dis-
play pointing device that are all integrated in a housing
that can easily be carried by an individual. Some PDAs
may be viewed as a type of portable computer.
[0057] The reflective display device is capable of re-
ceiving image information to be displayed, such as a mo-
bile code image. The mobile code image can be received
in several ways, such as from a camera or via a web
page, email, a picture-based message, or other electron-
ic modes depending on the capabilities of the mobile elec-
tronic device. The mobile code image is received by an
application executing on the mobile electronic device and
resolved to obtain the dataset. The data from the dataset
is then parsed or otherwise processed by the application
to obtain the content and additional content identifier. The
content item can then be presented along with a repre-
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sentation of the additional content item identifier. The rep-
resentation of the additional content item identifier can
be content-retrieved from a network location, such as a
location in the database via a server identified by the
additional content item identifier, a user interface control
that can be selected by a user to trigger downloading of
the additional content based on the additional content
item identifier, or other representation. Although the da-
taset may include renderable content, such as an image,
text, graphic, audio, or other content, embodiments de-
scribed herein are generally pertinent to renderable vis-
ible content (e.g., image, text, graphic, and the like). The
dataset can also include an identifier of additional con-
tent.
[0058] FIG. 8 illustrates an embodiment in which
weights are used to adjust or determine the PWM dura-
tions during operation of the exemplary reflective display
device 700, to provide a compensated image for display.
For simplicity, a "white" pixel is illustrated, although a
non-white pixel may also be used (FIG. 10). In this illus-
tration, three distinct light sources, namely red 804, green
806, and blue 808, have, in contrast to the light sources
in FIG. 4 (404, 406 and 408), are compensated with com-
pensation weights 815 to produce a reflected white re-
flected light 820, thus "fooling" the eye into perceiving
the incoming tinted light 802 as white in color, e.g., a
"white" pixel.
[0059] In this embodiment, the reflected red intensity
is compensated the most (Distance "A") as compared
with the uncompensated reflected light 420 (from FIG.
4). The reflected green intensity is also reduced in com-
parison, but not as much (Distance "B"). The reflected
blue intensity is not reduced at all, since that color com-
ponent is the weakest in the ambient light.
[0060] By applying the appropriate compensation
weights 815 for each light source in response to the spe-
cific tint or non-ideal ambient light the reflected display
device is exposed to, the intensity of each light source is
adjusted to produce the desired color fidelity. As FIG. 8
shows, the compensation weight for each sub-pixel is
the inverse of the relative spectral intensity or strength
of that color component in the ambient light. For example,
compensation of the red light source 804 reduces its in-
tensity as shown by dashed line 817, while compensation
of the green light source 806 increases its intensity as
shown by line 819, while compensation of the blue light
source 708 increases its intensity more than the green
light source, as shown by line 821.
[0061] Essentially, if a color is overrepresented in the
ambient light, some of its reflective intensity is pulled out
of the mix. In one embodiment, some of two or three
colors can be pulled out at varying amounts. As a result,
the compensated reflected light 820 or white pixel in the
reflective display device is now substantially free of tint,
although its intensity is reduced as compared to the in-
tensity of an uncompensated pixel or a pixel reflecting
ideal white light. This is because intensity is limited by
the amount of blue light available for reflection. Different

frequency spacing can be used as desired, to cause dif-
ferent relative intensities to be used in creating a reflected
white light. The reflected light 820 has a more accurate
hue as compared to a hue which would be viewed without
pulling out any of the color, but, again, is darker or less
intense, e.g., less "bright" to the human eye. As noted
above, if the result is too dark such that the colors are
too difficult to see, other options are possible, such as
an additional backlight, a grayscale image, or by reducing
the color depth of the image (e.g., displaying a mono-
chromatic version of the image), or any combination
thereof.
[0062] FIG. 9 illustrates an embodiment in which a pix-
el is made to appear purple to the human eye when illu-
minated by white light 902. In this illustration, two distinct
light sources (of reflected light), namely red 904, and blue
906, have an equal amount of spectral intensity, while
the green reflected light 908 has a reduced spectral in-
tensity in comparison. Each of the light sources (904, 906
and 908) is equally spaced across frequency. Such a
configuration produces a reflected purple light 920, thus
producing what the human eye perceives as a purple
pixel. Different frequency spacing can be used, based
on manufacturing concerns, to allow use of different rel-
ative intensities to create a reflected purple light.
[0063] FIG. 10 illustrates an embodiment in which
compensation weights are used to adjust or determine
the PWM durations during operation of the exemplary
reflective display device 700 under the tinted light 802
shown in FIG. 8, to provide a compensated image for
display. In this illustration, three distinct light sources,
namely red 1004, green 1006, and blue 1008, have been
compensated to varying degrees with compensation
weights 1015 to produce a reflected purple reflected light
1020, thus "fooling" the eye into perceiving the incoming
tinted light 802 as purple in color, e.g., a purple pixel. The
compensation weights 1015 can be used to increase,
decrease, or scale the pulse widths corresponding to
each respective sub-pixel element. In one embodiment,
the compensation weights 1015 can be normalized, such
as to scale the compensation coefficients such that none
of the red 1004, green 1006, or blue 1008 sub-pixel in-
tensities are required to be greater than the intensity of
the corresponding incident light, since the reflected light
intensity is always less than the incident light intensity
(e.g., assuming no secondary light source such as a
backlight). For example, in FIG. 10, the green sub-pixel
starts with a lower desired intensity to produce a purple
hue, and its intensity can be further reduced during com-
pensation, such as by using the normalized compensa-
tion weight. In this example, the pulse width provided
corresponding to the intensity of the green sub-pixel el-
ement in FIG. 10 can be further decreased, as compared
to the green sub-pixel pulse width before weighting. The
result is a color having approximately the same hue and
saturation as that for FIG. 9, but at a lower intensity. As
discussed in FIG. 8, different frequency spacing can be
used as desired, to cause different relative intensities to
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be used to create a reflected white light.
[0064] In some embodiments, the compensation
weights (e.g., after normalization or scaling) can so se-
verely dim the resulting image that the resulting pixel lu-
minosity is too low to be seen by the human eye or is
otherwise interpreted as undesirably dark by the viewer.
In such situations, as discussed in FIGS. 5 and 6, a sec-
ondary lighting system can be used. Otherwise, as light-
ing conditions worsen, the image can instead be convert-
ed to a grayscale image, tinted at the same hue of the
ambient light. If this still does not produce the desired
results or if the lighting conditions are so poor that such
an option is not available, the image can instead be con-
verted to a binary image, where each pixel is either fully
on or fully off. This conversion can include spatial mixing
of white and black pixels to represent regions of gray,
similar to the way newspapers use dot density to create
differing shades of grays in images (e.g., using dithering,
half-toning, or one or more other techniques to create
perceived differences in tone using only single-bit or re-
duced color depth).
[0065] FIG. 11 is a block flow diagram of a method
1100 according to an example embodiment. The method
1000 is an example of a method that can be performed
in whole, or in part, by a reflective device display. Such
a reflective display device can include at least one proc-
essor, at least one memory device, a network interface
device, and a user interface. The example method 1100
includes, at block 1102, determining at least three color
components of a first image. In some embodiments, the
first image is cached on a memory device of the comput-
ing device. The example method further includes, at
block 1104, detecting an ambient light color composition,
and, at block 1106 comparing the detected ambient light
color composition with the at least three color compo-
nents of the first image. The example method further in-
cludes at block 1108, in response, weighting one or more
of the at least three color components of the first image
to provide a second image to be displayed on the reflec-
tive display device, wherein the weighting compensates
for a difference between the detected ambient light color
composition and a specified color balance. The method
can further optionally include at block 1110 wherein the
ambient light composition includes at least one ambient
light color component, and, optionally, comparing the at
least one ambient light color component to a first intensity
threshold.
[0066] In contrast to methods which utilize passive or
pre-tuned (e.g. fixed) methods for compensation of less-
than-ideal light, the use of an active compensation
scheme in the novel embodiments described herein pro-
vide for active sensing under non-ideal ambient light con-
ditions or in changing ambient light conditions. Such
sensing includes, but is not limited to, modifying one or
more pulse widths to be used to drive sub-pixel elements
corresponding to one or more color components included
in an image to be displayed. An ambient color composi-
tion, including an unwanted or undesirable tint, can now

be detected or sensed, and compensation can be pro-
vided, such as by providing modified PWM parameters,
thus allowing a desired specified color balance to be re-
tained or restored under a wide range of ambient lighting
conditions. In one embodiment, a desired specified color
balance is retained, but at a lower brightness level as
compared to the brightness of the incoming light and as
compared to methods which can produce a brighter re-
flected light, but at the expense of color accuracy.
[0067] In contrast to conventional methods of color
compensation, the novel ambient light compensation
methods and devices described herein do not utilize any
type of cover or skin, such as a translucent display cover,
applied to an outside surface of the display.
[0068] Embodiments described herein provide, for the
first time, the ability to provide continuous, real-time sens-
ing of and adjustment to ambient lighting conditions using
modified digital pulse width modulation (PWM), as op-
posed to passive, pre-selected corrections, predefined
ambient light profiles, complex gap adjustments, such as
analog gap adjustments, or corrections entirely depend-
ent on user preference, input or both.
[0069] Additionally, the embodiments described here-
in do not rely solely on an artificial light source, although
an additional light source can be activated under speci-
fied conditions, such as automatically or manually, as
needed. Also, in contrast to devices which utilize a filter
between such a light source and display, such as a re-
flective MEMs display, the ambient light compensated
reflective devices described herein are not dependent on
nor require any type of filter. The embodiments described
herein further differ from complex mirror-type MEMS de-
vices which utilize a mirror rather than a resonant cavity
to deflect light onto a screen or an absorber by tilting the
mirror. Although such devices use PWM to control the
tilt of the mirror, they also require an artificial light source
and provide no correction for ambient light temperature
(white balance) problems.
[0070] Further, in contrast to conventional reflective
display devices which are limited to providing a non-yel-
lowish tint only in the presence of a "white" light source
(e.g., halogen source), embodiments of the novel display
devices described herein retain color fidelity throughout
a wide range of ambient lighting conditions by actively
sensing and compensating for tints in the surrounding
ambient light. As a result, the novel display devices pro-
vide a highly flexible, real-time response to changing
lighting conditions, such as when the display device is
moved from an indoor to an outdoor location, or vice ver-
sa.
[0071] Method examples described herein can be ma-
chine or computer-implemented, at least in part. Some
examples can include a computer-readable medium or
machine-readable medium encoded with instructions op-
erable to configure an electronic device to perform meth-
ods as described in the above examples. An implemen-
tation of such methods can include code, such as mi-
crocode, assembly language code, a higher-level lan-
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guage code, or the like. Such code can include computer
readable instructions for performing various methods.
The code may form portions of computer program prod-
ucts. Further, the code may be tangibly stored on one or
more volatile or non-volatile computer-readable media
during execution or at other times. These computer-read-
able media may include, but are not limited to, hard disks,
removable magnetic disks, removable optical disks (e.g.,
compact disks and digital video disks), magnetic cas-
settes, memory cards or sticks, random access memo-
ries (RAMs), read only memories (ROMs), and the like.
[0072] It will be readily understood to those skilled in
the art that various other changes in the details, material,
and arrangements of the parts and method stages which
have been described and illustrated herein may be made
without departing from the principles and scope of the
inventive subject matter as expressed in the subjoined
claims.

Claims

1. A method comprising:

determining at least three color components of
a first image (502, 728);
detecting an ambient light color composition
(716, 718, 720);
comparing the detected ambient light color com-
position (716, 718, 720) with the at least three
color components of the first image (502, 728);
and
in response, weighting one or more of the at least
three color components of the first image to pro-
vide a compensated image for display on the
reflective display device (710), wherein the
weighting compensates for a difference be-
tween the detected ambient light color compo-
sition (716, 718, 720) and a specified color bal-
ance (542, 820).

2. The method of claim 1, wherein the determining at
least three color components includes storing the
first image in a memory (707) without requiring the
first image to be displayed on the reflective display
(710).

3. The method of any of claims 1 through 2, wherein
the specified color balance (542, 820) includes at
least one of a specified gray balance or a specified
white balance.

4. The method of any of claims 1 through 3, comprising
determining at least three respective pulse widths to
be used with at least three respective pulse width
modulators (514, 520, 526), the at least three pulse
width modulators corresponding to each of the at
least three color components, and wherein the three

respective pulse widths are adjusted using the
weighting.

5. The method of claim 4, wherein the ambient light
color composition (716, 718, 720) includes a defi-
ciency in a first range of wavelengths and the weight-
ing includes increasing a weight of at least one color
component corresponding to the deficiency in the
first range of wavelengths, further wherein the de-
termining the at least three respective pulse widths
includes increasing a pulse width corresponding to
the increased weight of the at least one color com-
ponent.

6. The method of any of claims 1 through 5, further
comprising displaying the compensated image on
the reflective display device (710), wherein the at
least three color components are selected from red,
green, blue, yellow, magenta and cyan.

7. The method of any of claims 1 through 6, wherein
the ambient light composition (716, 718, 720) in-
cludes at least one ambient light color component
and the method further comprises comparing the at
least one ambient light color component to a first
intensity threshold.

8. The method of claim 7, comprising, in response to
the comparing the at least one ambient light color
component to a first intensity threshold, reducing a
color depth of the compensated image when the at
least one ambient light color component is below the
first intensity threshold.

9. A reflective display device, comprising:

an ambient light processor (507, 704) config-
ured to receive information about an ambient
light color composition (716, 718, 720), the am-
bient light processor (507, 704) comprising a first
comparator (538) configured to determine a dif-
ference between the ambient light color compo-
sition and a specified color balance (542, 820);
and
a reflective display controller (512, 708) config-
ured to receive information about a first image
(502, 728) and to determine at least three color
components of the first image, wherein the re-
flective display controller (512, 708) is coupled
to the ambient light processor (507, 704) and
configured to weight one or more of the at least
three color components to provide a compen-
sated image for display on a reflective display
(710) using information about the difference
from the first comparator (538).

10. The reflective display device of claim 9, comprising
a memory (707) configured to store the first image

17 18 



EP 2 362 372 A1

11

5

10

15

20

25

30

35

40

45

50

55

(502, 728) without requiring the first image to be dis-
played.

11. The reflective display device of any of claims 9
through 10, comprising a reflective display (710) con-
figured to display the compensated image.

12. The reflective display device of any of claims 9
through 11, wherein the specified color balance (542,
820) includes at least one of a specified gray bal-
ance, or a specified white balance.

13. The reflective display device of any of claims 9
through 12, comprising three respective pulse width
modulators (514, 520, 526) corresponding to each
of the at least three color components of the first
image (502, 728); and wherein at least one pulse
width modulator (514, 520, 526) is configured to pro-
vide a pulse (202, 204, 206), the pulse (202, 204,
206) including a specified pulse width (210) to drive
a sub-pixel element (516, 522, 528) included in a
reflective display (710), the specified pulse width
(210) determined using the weight of one or more of
the at least three color components provided by the
reflective display controller (512, 708).

14. The reflective display device of any of claims 9
through 13, wherein the ambient light processor
(507, 704) includes a second comparator (540) con-
figured to compare at least one color component in-
cluded in the ambient light color composition to a
first intensity threshold.

15. The reflective display device of claim 14, wherein
the reflective display controller (512, 708) is config-
ured to reduce a color depth of the compensated
image when the at least one color component is be-
low the first intensity threshold as indicated by the
second comparator (540).

Amended claims in accordance with Rule 137(2)
EPC.

1. A method comprising:

determining at least three color component in-
tensities of a first image (502, 728);
detecting an ambient light color composition
(716, 718, 720);
comparing the detected ambient light color com-
position (716, 718, 720) with the at least three
color component intensities of the first image
(502, 728); and
in response, weighting one or more of the at least
three color component intensities of the first im-
age to provide a compensated image for display
on the reflective display device (710), wherein

the weighting compensates for a difference be-
tween the detected ambient light color compo-
sition (716, 718, 720) and a specified color bal-
ance (542, 820).

2. The method of claim 1, wherein the determining
at least three color components includes storing the
first image in a memory (707) without requiring the
first image to be displayed on the reflective display
(710).

3. The method of any of claims 1 through 2, wherein
the specified color balance (542, 820) includes at
least one of a specified gray balance or a specified
white balance.

4. The method of any of claims 1 through 3, com-
prising determining at least three respective pulse
widths to be used with at least three respective pulse
width modulators (514, 520, 526), the at least three
pulse width modulators corresponding to each of the
at least three color components, and wherein the
three respective pulse widths are adjusted using the
weighting.

5. The method of claim 4, wherein the ambient light
color composition (716, 718, 720) includes a defi-
ciency in a first range of wavelengths and the weight-
ing includes increasing a weight of at least one color
component corresponding to the deficiency in the
first range of wavelengths, further wherein the de-
termining the at least three respective pulse widths
includes increasing a pulse width corresponding to
the increased weight of the at least one color com-
ponent.

6. The method of any of claims 1 through 5, further
comprising displaying the compensated image on
the reflective display device (710), wherein the at
least three color components are selected from red,
green, blue, yellow, magenta and cyan.

7. The method of any of claims 1 through 6, wherein
the ambient light composition (716, 718, 720) in-
cludes at least one ambient light color component
and the method further comprises comparing the at
least one ambient light color component to a first
intensity threshold.

8. The method of claim 7, comprising, in response
to the comparing the at least one ambient light color
component to a first intensity threshold, reducing a
color depth of the compensated image when the at
least one ambient light color component is below the
first intensity threshold.

9. A reflective display device, comprising:
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an ambient light processor (507, 704) config-
ured to receive information about an ambient
light color composition (716, 718, 720), the am-
bient light processor (507, 704) comprising a first
comparator (538) configured to determine a dif-
ference between the ambient light color compo-
sition and a specified color balance (542, 820);
and
a reflective display controller (512, 708) config-
ured to receive information about a first image
(502, 728) and to determine at least three color
component intensities of the first image, wherein
the reflective display controller (512, 708) is cou-
pled to the ambient light processor (507, 704)
and configured to weight one or more of the at
least three color component intensities to pro-
vide a compensated image for display on a re-
flective display (710) using information about the
difference from the first comparator (538).

10. The reflective display device of claim 9, compris-
ing a memory (707) configured to store the first image
(502, 728) without requiring the first image to be dis-
played.

11. The reflective display device of any of claims 9
through 10, comprising a reflective display (710) con-
figured to display the compensated image.

12. The reflective display device of any of claims 9
through 11, wherein the specified color balance (542,
820) includes at least one of a specified gray bal-
ance, or a specified white balance.

13. The reflective display device of any of claims 9
through 12, comprising three respective pulse width
modulators (514, 520, 526) corresponding to each
of the at least three color components of the first
image (502, 728); and wherein at least one pulse
width modulator (514, 520, 526) is configured to pro-
vide a pulse (202, 204, 206), the pulse (202, 204,
206) including a specified pulse width (210) to drive
a sub-pixel element (516, 522, 528) included in a
reflective display (710), the specified pulse width
(210) determined using the weight of one or more of
the at least three color components provided by the
reflective display controller (512, 708).

14. The reflective display device of any of claims 9
through 13, wherein the ambient light processor
(507, 704) includes a second comparator (540) con-
figured to compare at least one color component in-
cluded in the ambient light color composition to a
first intensity threshold.

15. The reflective display device of claim 14, wherein
the reflective display controller (512, 708) is config-
ured to reduce a color depth of the compensated

image when the at least one color component is be-
low the first intensity threshold as indicated by the
second comparator (540).
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